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ABSTRACT
We investigate the alignment of galaxies and haloes relative to cosmic web filaments using the
EAGLE hydrodynamical simulation. We identify filaments by applying the NEXUS+ method
to the mass distribution and the Bisous formalism to the galaxy distribution. Both web finders
return similar filamentary structures that are well aligned and that contain comparable galaxy
populations. EAGLE haloes have an identical spin alignment with filaments as their counter-
parts in dark matter only simulations: a complex mass dependent trend with low mass haloes
spinning preferentially parallel to and high mass haloes spinning preferentially perpendicular
to filaments. In contrast, galaxy spins do not show such a spin transition and have a propensity
for perpendicular alignments at all masses, with the degree of alignment being largest for mas-
sive galaxies. This result is valid for both NEXUS+ and Bisous filaments. When splitting by
morphology, we find that elliptical galaxies show a stronger orthogonal spin–filament align-
ment than spiral galaxies of similar mass. The same is true of their haloes, with the host haloes
of elliptical galaxies having a larger degree of orthogonal alignment than the host haloes of
spirals. Due to the misalignment between galaxy shape and spin, galaxy minor axes are ori-
ented differently with filaments than galaxy spins. We find that the galaxies whose minor axis
is perpendicular to a filament are much better aligned with their host haloes. This suggests that
many of the same physical processes determine both the galaxy–filament and the galaxy–halo
alignments.
Key words: large-scale structure of Universe - galaxies: halos - methods: numerical
1 INTRODUCTION
The present study extends the analysis of Ganeshaiah Veena et al.
(2018) of the alignment of haloes with respect to cosmic web fil-
aments. To this end, we explore whether the systematic alignment
between the dark halo spins and their host filaments found in that
study is preserved when studying the alignments of galaxy spins,
and, in particular, we assess which factors may introduce differ-
ences in the spin–filament alignment of haloes and galaxies. Using
the state-of-the-art EAGLE hydrodynamical simulation, we inves-
tigate in parallel both the galaxy spin–filament and the halo spin–
filament alignments as a function of galaxy mass and morphology.
Furthermore, to avoid an explicit dependence on the filament classi-
fying method, we analyse the alignment of haloes and galaxies rel-
ative to filaments identified by two web finders: Nexus+ and Bisous
(Cautun et al. 2013; Tempel et al. 2014).
Galaxies in the Universe cluster together to form a web-like
? E-mail:punyakoti.gv@gmail.com
configuration known as the Cosmic Web. This large scale web
is built up of dense superclusters connected by elongated fila-
ments and sheet-like walls which surround underdense void regions
(Geller & Huchra 1983; Davis et al. 1985; Shandarin & Zeldovich
1989; Bond et al. 1996; van de Weygaert & Bond 2008; Frenk
& White 2012; Liivamägi et al. 2012; Tempel 2014). The cosmic
web arises from the anisotropic gravitational collapse of primordial
Gaussian density fluctuations, which evolve over billion of years
into the highly complex and non-linear structures we observe to-
day.
The cosmic web is shaped by the gravitational tidal field,
which determines the directions of anisotropic mass collapse. The
same tidal field is also responsible for spinning up haloes and galax-
ies. For example, during the linear phase of structure formation, the
Tidal Torque Theory [TTT] (Hoyle 1949; Peebles 1969; Doroshke-
vich 1970; White 1984), describes how the angular momentum of
a protohalo is generated by the gravitational shear of the surround-
ing matter distribution. Specifically, the misalignment between the
inertia tensor of the protogalaxy and the tidal tensor at that position
c© 2019 The Authors
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generates a net spin (see Schäfer 2009 for a review). Therefore,
haloes and galaxies residing in different cosmic web environments
acquire different spins. Gradually, the angular momentum evolves
until the time of turn around as the protohaloes and protogalaxies
collapse and decouple from cosmic expansion. The spin thus ac-
quired is mostly preserved even during the later stages of nonlinear
evolution as the haloes develop into fully virialised entities.
The TTT and its extensions predict a direct correlation be-
tween the spin of haloes and the large-scale structure, such as an
alignment of halo spin with the local directions of anisotropic col-
lapse (e.g. Efstathiou & Jones 1979; Barnes & Efstathiou 1987;
Heavens & Peacock 1988; Lee & Pen 2001; Porciani et al. 2002a,b;
Jones & van de Weygaert 2009). Using cosmological N-body sim-
ulations, Aragón-Calvo et al. (2007b), and shortly after Hahn et al.
(2007), have confirmed that halo spins are preferentially aligned
with the orientation of the cosmic filaments and walls in which
they are located and they has been confirmed by numerous follow-
up studies (e.g. Codis et al. 2012; Libeskind et al. 2013; Trowland
et al. 2013; Forero-Romero et al. 2014; Wang & Kang 2017; Lee
2018).
Of particular interest is the halo spin–filament alignment that
shows a complex mass dependence, with high mass haloes hav-
ing spins preferentially perpendicular to filaments while low mass
haloes show the opposite trend, with their spins being preferen-
tially parallel to filaments. The halo mass at which this transition
happens is known as the spin-flip transition mass, or, in short, spin-
flip mass. This transition mass increases with decreasing redshift
(e.g. see Codis et al. 2012; Wang & Kang 2018) and is ∼1× 1012
h−1 M at present day, with the exact value differing by up to a
factor of several between different studies. Furthermore, the spin-
flip mass is highest for haloes in thick filaments and is up to an
order of magnitude lower for haloes in thin and tenuous filaments
(Ganeshaiah Veena et al. 2018). The dichotomy in spin–filament
alignment between low- and high-mass haloes has been attributed
to various processes related to late-time accretion (e.g. Welker et al.
2014; Codis et al. 2015; Laigle et al. 2015; Wang & Kang 2017;
Ganeshaiah Veena et al. 2018). High-mass haloes form recently and
accrete most of their mass along the filaments they reside in, which
results in a net spin gain that is preferentially perpendicular on the
filament axis. In contrast, low-mass haloes accumulated most of
their mass at higher redshift when they might have been found in
cosmic sheets and any present day mass accretion imparts a net spin
along their host filament.
Extending the halo spin–filament alignment results to galaxies
is not trivial since the spin of many galaxies is poorly aligned with
that of their host halo (e.g. Velliscig et al. 2015; Tenneti et al. 2016;
Shao et al. 2016; Chisari et al. 2017). As gas streams enter the in-
ner regions of the halo, they gain most of their angular momentum
through non-linear torques and dissipation and galaxy spin is af-
fected by disc instabilities and feedback, such as gas outflows due
to supernovae (Danovich et al. 2015). Therefore, though galaxies
and haloes were subjected to the same tidal fields that generated the
initial angular momentum, we expect galaxy spins to deviate from
the their host halo spins. Hahn et al. (2010) found that in an AMR
hydrodynamical simulation, massive discs have spins aligned along
the filaments. Codis et al. (2012); Dubois et al. (2014); Welker et al.
(2014) study spin–filament alignment for galaxies between red-
shift 1.2 and 1.8 using the Horizon AGN simulation. They report
a galaxy spin transition from parallel to perpendicular at a stellar
mass of∼ 3× 1010h−1 M and find that the spin of blue galaxies
is preferentially parallel to the nearest filament whereas the spun of
red galaxies shows a preferential perpendicular alignment. Codis
et al. (2018) find that the parallel alignment signal for low mass
galaxies is weak and decreases with time whereas the strength of
the orthogonal alignment of high mass galaxies increases with time.
Wang et al. (2018) show that the spin of low mass, blue galaxies in
the Illustris-1 hydrodynamical simulation are preferentially along
the filament axis whereas the massive, red galaxies have spins pref-
erentially perpendicular.
This trend was also confirmed observationally by Tempel et al.
(2013), who found that the spins of high mass ellipticals are prefer-
entially perpendicular while those of bright spiral galaxies are pref-
erentially parallel to their host filaments (see also Cervantes-Sodi
et al. 2010; Jones et al. 2010; Tempel & Libeskind 2013; Zhang
et al. 2013, 2015; Pahwa et al. 2016; Hirv et al. 2017).
In this paper we address how secondary baryonic processes
alter the spin of galaxies, initially imparted by tidal torques, and
hence its alignment with the cosmic filaments in which the galaxies
reside. Mainly, we address the following questions:
• Do galaxies exhibit a mass dependent spin alignment in hy-
drodynamical simulations?
• How does the addition of baryons alter the transition mass of
the halo spin-filament alignment?
• Does the galaxy spin–filament alignment signal depend on the
filament identification method?
• If a galaxy orientation with respect to its parent filament is
known, is it possible to infer the orientation of its host halo?
In this study we carry out a detailed analysis of galaxy and
halo spin–filament alignments in the EAGLE hydrodynamical sim-
ulation (Schaye et al. 2015; Crain et al. 2015). We employ tow
methods to identify the filamentary pattern: NEXUS+, which uses
the total matter density field, and Bisous, which uses the the galaxy
distribution. It is essential to compare the two cosmic web trac-
ers, because while the matter distribution generates the tidal field,
observational surveys trace only the galaxy distribution, which is
a sparse and biased tracer of the total matter distribution. There-
fore, we compare the spin alignments with respect to filaments de-
tected in both matter and galaxy distributions. Further, we inves-
tigate the correlation between galaxy spin–filament alignment and
galaxy morphology, and, whenever possible, compare against ob-
servations.
The structure of the paper is as follows. In Section 2, we de-
scribe the EAGLE hydrodynamical simulation and the galaxy and
halo samples used in our analysis, and give a short overview of the
cosmic web extraction algorithms we employ. In Section 3 we com-
pare the NEXUS and Bisous filament populations and their corre-
sponding haloes and galaxies. Section 4 presents the main results
on alignments of haloes and galaxies with the orientation of their
host filament. Finally, in Section 5 we give a brief summary of our
study and discuss its implications.
2 DATA
In this section, we first describe the EAGLE simulation and the pro-
cedure used to extract the galaxy and halo samples. Then, we give
a short overview of the two web identification methods, NEXUS+
and Bisous.
2.1 EAGLE simulation
Our analysis makes use of the largest box (Ref-L0100N1504) of
the EAGLE cosmological simulation of galaxy formation. EAGLE
follows the baryonic processes that shape galaxy formation and
MNRAS 000, 1–18 (2019)
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Figure 1. Dark matter, gas and stellar density fields. Dark matter (top-left) and gas (top-right) density distributions in a thin slice (132 h−1 kpc) of the
EAGLE simulation. Lower Panel: Stellar density field in a thick slice (10 h−1 Mpc) centred on the thin slice shown in the top panels. The logarithmically
scaled colour bar represents the density contrast, 1 + δ.
evolution and thus allows us to study the influence of the large
scale tidal fields on the underlying physics of galaxy formation and
galaxy properties such as spin, shape and morphology. The sim-
ulation follows the evolution of 15043 dark matter particles and
an initial equal number of gas particles in a periodic box of 67.7
h−1 Mpc side length, which is large enough to resolve a multitude
of large scale environments. Each dark matter particle has a mass
of 6.57× 106 h−1 M and each gas particle has an initial mass of
1.2× 106 h−1 M.
The simulation is based on the ΛCDM cosmology and as-
sumes the Planck Collaboration et al. (2016) cosmological param-
eters, which take the following values: ΩΛ = 0.693, ΩM = 0.307
and Ωb = 0.0455, σ8 = 0.8288 and h = 0.6777, where
H0 = 100 h km s
−1Mpc−1 is the Hubble’s constant at present
day. The EAGLE project was run using a modified version of the
GADGET code (Springel 2005) and it includes numerous baryonic
processes relevant for galaxy formation that have been calibrated to
match: (a) the observed galaxy stellar mass function, (b) the distri-
MNRAS 000, 1–18 (2019)
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bution of galaxy sizes, and (c) the observed relation between galaxy
and central black hole mass (for details see Schaye et al. 2015;
Crain et al. 2015).
A visualisation of the dark matter, gas and density fields in
the EAGLE simulation can be seen in Figure 1. This has been ob-
tained by applying the Delaunay Tessellation Field Estimator soft-
ware (Schaap & van de Weygaert 2000; Cautun & van de Weygaert
2011) to the dark matter, gas and star particle distribution to inter-
polate their respective density fields to a regular grid. While dark
matter and gas trace the same structures on very large scales, gas
is more diffused compared to dark matter (DM), especially in the
high density regions. This is due to processes such as supernovae
and AGN feedback which heat up the gas and make it less dense.
In contrast, dark matter is not directly affected by such processes
and can therefore form denser and more compact structures. See
Haider et al. (2016) for a more detailed discussion of the effects of
feedback on the general properties of large-scale structures.
The bottom panel of Figure 1 shows the stellar density field
in a 10 h−1 Mpc thick slice. The stars are mostly found in the
very centre of haloes and taking a thin slice through their distribu-
tion results in predominantly empty space. Thus, to appreciate the
outline of the cosmic web, we show the galaxies in a much thicker
slice than the one used to show the DM or gas distributions in the
top row of Figure 1. The stars are predominantly found in regions
with high DM and gas densities, which is where haloes are mostly
found.
Figure 2 compares the volume and mass fraction in different
components of the cosmic web as identified by NEXUS+. We find
that 76% of the volume in the universe is occupied by voids fol-
lowed by walls (18%), filaments (6%) and clusters (0.02%) which
is in good agreement with the Cautun et al. (2014) results based
on DM-only cosmological simulations. In terms of mass, filaments
contain most of the mass distribution of the universe: around 50%
of the DM and gas, and 82% of stars. The high mass fraction of
stars is a consequence of the fact that most haloes more massive
than a few ×1011 h−1 M are found in filaments. We also no-
tice that compared to DM mass fraction there is slightly less gas
in nodes and filaments, for example filaments contain roughly 52%
of the DM and 47% of the gas budget. While initially gas follows
the DM distribution, winds and feedback processes during galaxy
formation heat up, push and disperse the gas from nodes and fila-
ments into adjacent walls and voids (Haider et al. 2016; Martizzi
et al. 2018).
In Table 1 we tabulate mass and volume fractions of DM, gas
and stars in different cosmic web environments. The DM represents
the vast majority of the cosmic mass budget, however it cannot be
observed directly. To study the extent to which the gas distribution
traces the same cosmic web as the DM, we applied the NEXUS+
method separately to the DM and gas density fields. In general, we
find good agreement between the mass and volume fraction in the
two web types indicating that the gas distribution is a good tracer
on large scales of the total density. The only large difference is for
nodes, where nodes identified in the gas distribution contain∼10%
less DM, gas and stars than nodes identified in the DM distribution.
For the other web environments, the differences between the DM
and gaseous cosmic web are much smaller.
2.2 Filament population
To detect large scale filaments in the EAGLE simulation, we use
two different web identification algorithms: NEXUS+ (Cautun
et al. 2013) and Bisous (Tempel et al. 2014, 2016). These algo-
Figure 2. Volume and mass fractions of the cosmic web. The results are
for web environments identified by applying the NEXUS+ method to the
DM density field. The top panel shows the volume fraction occupied by
each web environment. The bottom panel shows the mass fraction of DM,
gas and stars in each environment. The exact values are given in Table 1.
Table 1. Mass and volume fractions of the cosmic web. The web environ-
ments were identified using the NEXUS+ method applied to the DM (first
4 rows) and to the gas (rows 5 to 8) distributions. The last row corresponds
to Bisous filaments identified using the galaxy distribution.
Environment Volume [%] Mass [%]
[DM] [Gas] [Stars]
NEXUS+ applied to the DM density
Node 0.02 7.9 7.1 10
Filament 5.4 52 47 82
Wall 19 25 28 8.0
Void 76 15 17 0.43
NEXUS+ applied to the gas density
Node 0.02 7.2 6.5 8.7
Filament 5.9 53 48 82
Wall 18 25 28 8.8
Void 76 15 17 0.43
Bisous applied to the galaxy distribution
Filament 5.1 45 41 70
rithms detect the filamentary network based on two fundamentally
different approaches. NEXUS+ is a geometric technique that de-
tects filaments based on the morphology of the density field. Bisous
is a statistical technique that extracts the filamentary network by
applying a statistical model directly on the distribution of galaxies.
We wish to probe how the differences in these two filament
MNRAS 000, 1–18 (2019)
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populations influence the results on galaxy spin and shape align-
ments. Below we describe briefly the working and the implementa-
tion of the two formalisms.
2.2.1 Filament detection using NEXUS+
The MMF/NEXUS (Aragón-Calvo et al. 2007a; Cautun et al. 2013)
technique uses the geometry of the matter distribution to identify
the cosmic web environments. Among its most defining features,
NEXUS uses the Scale-Space formalism to identify web environ-
ments at several scales. The method has its roots in the field of
medical imaging (see e.g. Sato et al. 1998; Li et al. 2003) and has
been adapted to astronomy by Aragón-Calvo et al. (2007a) under
the name the Multiscale Morphology Filter (MMF). The variant
that we use in this paper, the NEXUS+ method, is an advanced
version of the MMF technique and has been developed to better ac-
count for the many orders of magnitude variation in the large-scale
density field.
The main advantage of the NEXUS+ formalism is that it si-
multaneously identifies cosmic web morphology at several spatial
scales. Thus, it deals with the multiscale nature of the cosmic web,
which is a consequence of hierarchical structure formation and
which represents a crucial aspect of the connection between the
cosmic web and halo/galaxy properties. The NEXUS+ method is
based on using the eigenvalues and eigenvectors of the local Hes-
sian matrix for a range of smoothing scales, which are then used to
identify the web environments.
The steps involved in the NEXUS+ formalism are as follows
(for more details see Cautun et al. 2013):
Step 1: Apply a Log-Gaussian filter of width Rn to the cosmic
density contrast field, δ = ρ
ρ¯
−1, where ρ and ρ¯ denote the local and
mean background density, respectively. The Log-Gaussian filter
consists of calculating the density logarithm, log(1+δ), smoothing
the logarithm with a Gaussian filter of sizeRn and then calculating
the smoothed density, δRn , from the smoothed density logarithm.
Step 2: Next, the Hessian matrix at each position, Hij,Rn(x),
is calculated using:
Hij,Rn = R
2
n
∂2δRn(x)
∂xi∂xj
(1)
Here, the re-normalization by R2n ensures that the Hessian is
weighted identically at different scales. In this paper, we imple-
ment filter scales in the range 0.5 to 4.0 h−1 Mpc. We go from
the smallest relevant scale to the upper limit of 4h−1 Mpc, which
allows us to identify large filaments.
Step 3: A node, filament and wall characteristic is assigned at
each point x based on the nature of the Hessian matrix eigenvalues,
λ1 6 λ2 6 λ3. These are used to define the web environment
signature, SRn(x). The exact equation for defining environments
is complex, but, qualitatively, nodes corresponds to regions with
λ1 ≈ λ2 ≈ λ3 < 0, filaments to regions with λ1 ≈ λ2 < 0
and λ2  λ3, and walls to λ1 < 0 and λ1  λ2. In particular,
orientation of filaments corresponds to the eigenvector, en3, along
the slowest direction of collapse.
Step 4: Subsequently, steps 1 to 3 are repeated for a set of
scales [R0, R1, ...RN ] and at each scale the environment signature,
SRn(x), is computed.
Step 5: The environmental signature for the various filter scales
is combined together to obtain a scale independent signature, S(x).
This is defined as the maximum value of all the scales:
S(x) = max
levels n
SRn(x) . (2)
Step 6: Finally, a threshold signature is used to determine the
validity of an identified morphology. Signatures greater than the
threshold are considered valid structures and rest are discarded.
From this method, we find a total of 6394 galaxies in NEXUS+
filaments which is ∼ 67% of the total galaxy sample.
2.2.2 Filament detection using Bisous
The Bisous filament finding algorithm (Tempel et al. 2014) works
by randomly distributing a large number of fixed radius cylinders
onto a galaxy distribution, and estimating how likely it is that each
cylinder corresponds to a cosmic filament. This is achieved by com-
paring the number of galaxies inside the cylinder with the number
just outside the cylinder, with filaments corresponding to a large
galaxy density contrast inside a cylinder. The Bisous method is
based on a marked point process which was originally designed to
extract spatial patterns (Stoica et al. 2005). A marked point process
is a point process with an additional parameter or a mark associated
with every point. In the context of the Bisous formalism, centers
of cylinders outlining the galaxy distribution are treated as points
whose mark is related to the length, radius and orientation of the
cylinder. The cosmic web filamentary network is then constructed
by selecting the most connected and well aligned cylinders. Briefly,
the following steps are involved in determining the Bisous filamen-
tary network from the galaxy distribution:
Step 1: Multiple Markov-Chain Monte-Carlo (MCMC) simula-
tions are performed to obtain the cylinder configurations that out-
line the filamentary network based on the distribution of galaxies.
These cylinders, which eventually make up the filamentary net-
work, have a fixed radius, varying length and orientation. The prob-
ability that a cylinder should be retained in the filamentary network
is determined by the distribution of the galaxies within each cylin-
der and its connectivity and alignment to its neighbouring cylin-
ders.
Step 2: Using the MCMC simulations, a visit map is then deter-
mined, which gives the probability that a certain region or galaxy
belongs to the filamentary network.
Step 3: The ridges of the visit map are considered as filament
spines and a filamentary network for the given galaxy distribution is
constructed1. Galaxies with high visit map values and those which
are also placed within a certain fixed distance from the filament
spine are identified as galaxies in Bisous filaments.
For a detailed explanation of the mathematical framework of the
Bisous model, we refer to Tempel et al. (2014, 2016).
In the current study, we apply the Bisous model to the spatial
distribution of all EAGLE galaxies with stellar masses above 1 ×
108 h−1 M. We define Bisous filament galaxies as all the galaxies
that are within a distance of 1 Mpc from the filament spine using
only locations with a visit map value larger than 0.05. In total we
find that there are 5988 such central galaxies, which is ∼63% of
the total sample. The algorithm also computes the orientation of
the filaments, denoted as eb3, as the unit vector along the filament
spine.
The Bisous methodology has been successfully applied to
SDSS to look for galaxy-filament alignments (Tempel & Libeskind
2013; Tempel & Tamm 2015) and satellite alignments (Tempel
1 A visualisation of the steps 1 to 3 can be seen here: http://www.
aai.ee/~elmo/sdss-filaments/sdss_filaments.mp4
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et al. 2015). Applying Bisous to a Λ CDM hydrodynamical simu-
lation represents the next step towards comparing the galaxy spin–
filament alignment between theory and observations.
2.3 Halo and galaxy populations
Haloes and galaxies are extracted from the EAGLE simulation
using the Friends-of-Friends and SUBFIND algorithms (Springel
et al. 2001) as described in McAlpine et al. (2016). Initially, DM
clumps are identified using the FoF method by adopting a linking
length of 0.2 times the average separation of DM particles. Ev-
ery baryonic particle is then allotted to the FoF group to which its
nearest DM particle belongs. The SUBFIND algorithm then iden-
tifies gravitationally bound substructures within these FOF groups.
Therefore, every FoF group may have more than one substructure
and the most gravitationally bound (least gravitational potential)
substructure is labelled as the central galaxy and the rest are la-
belled as satellites.
For our analysis we use only the central galaxies above a stel-
lar mass of 5×108 h−1M and their corresponding DM subhaloes
(hereafter haloes). We choose this mass limit to ensure we have at
least 300 stellar particles, enough to resolve the inner stellar and
gas distributions of a galaxy and also to achieve convergence for
properties such as angular momentum, shape and morphology (see
e.g. Bett et al. 2007).
2.3.1 Halo and galaxy masses
The radius of a DM halo, R200 is defined as the radius from the
halo centre within which the average halo density is 200 times the
critical density of the universe. The mass of a halo, M200, is calcu-
lated as the total mass inside the R200 radius. For the galaxies, in
order to avoid baryonic particles that may belong to the intra clus-
ter region, an aperture mass is computed. The stellar mass, Mstar,
corresponds to the stellar mass within an aperture of 10 kpc while
the gas mass,Mgas, corresponds to the gas mass within an aperture
of 30 kpc. We choose these definitions as they are similar to the
observational measurements of stellar and gas disc components of
galaxies.
2.3.2 Halo and galaxy spin
The angular momentum or spin of a halo or galaxy is calculated by
summing over the angular momentum of all the particles in it. The
spin, J, of an object with N particles is given by
J =
N∑
k=1
mk (rk × vk) , (3)
where rk, vk and mk denote the position, velocity and mass of the
k−th particle. The position is measured with respect to the object’s
centre, which is given by the most gravitationally bound particle,
and the velocity is measured with respect to the centre of mass.
The DM halo spin is denoted as Jdm and is calculated using
all the DM particles within the R200 halo radius. For galaxies we
determine separately the spin of the stellar component, Jstar, and
of the gas disc, Jgas. The stellar spin is calculated using all the star
particles within a distance of 10 kpc from the galaxy centre while
the spin of the gaseous component uses all the cold (temperature
below 105K) gas particles within a distance of 30 kpc. In all three
cases, we use only galaxies and haloes with at least 300 particles of
each type.
Figure 3. Disc dominated and bulge dominated galaxies in EAGLE. The
top panel shows face-on and edge-on images of a typical spiral galaxy and
the bottom panel shows the same for a typical spheroidal galaxy. The stellar
mass of the two galaxies are 15 and 5.5 × 1010 h−1 M, respectively.
The images were taken from the Eagle Public database RefL0100N1504.
2.3.3 Halo and galaxy shape
The shape of galaxies and haloes is usually described in terms of
the ratios of the major, minor and intermediate axes. We obtain this
by calculating the eigenvalues and eigenvectors of the moment of
inertia tensor,
Iij =
N∑
k=1
mkrk,irk,j , (4)
where rk,i is the position of the k-th particle along the i-th coordi-
nate axis. The principal axes of the object are given by the eigen-
vectors of the Iij tensor, sa, sb and sc, which are the directions
corresponding to the major, intermediate and minor axes, respec-
tively.
The eigenvalues of the inertia tensor, sa > sb > sc are used
to obtain the axis ratios b/a and c/a, where a =
√
sa, b =
√
sb
and c =
√
sc. The axes ratios describe the shape of a halo. If the
halo is spherical then b/a = c/a = 1, whereas prolate haloes have
the major axis longer (c ≈ b << a) and oblate haloes have the
minor axis shorter (c << b ≈ a) than the other two.
2.3.4 Galaxy morphology
We classify galaxies as spheroids or discs by computing the bulge
fraction B/T , where B is the bulge mass and T is the total stellar
mass. The bulge mass is calculated as twice the mass of all counter-
rotating stars. Specifically, if the dot product of the orbital angular
momentum of a star with the total angular momentum of the galaxy
is negative, then that star is considered to be counter-rotating. A
galaxy which is mostly dispersion dominated will have a large frac-
tion of counter-rotating stars, so that the value ofB/T will be close
to unity. If the galaxy is rotation supported B/T is closer to zero.
MNRAS 000, 1–18 (2019)
Galaxy alignments with filament in EAGLE 7
For our galaxy sample, over the entire galaxy mass range the me-
dian value of B/T , computed using star particles within 10 kpc, is
0.76.
The third of the galaxy sample population with the lowest B/T
ratio, ie. B/T < 0.58, are designated as disc galaxies. The third of
the galaxies with the highest B/T ratio, ie. B/T > 0.82, are clas-
sified as spheroid galaxies. Following this classification scheme,
the sample contains 2074 disc galaxies, and an equal number of
spheroid galaxies. In Figure 3 we show representative examples of
a spiral and an elliptical galaxy in the EAGLE simulation. These
images were obtained from the EAGLE database and were created
using the technique described in Trayford et al. (2017).
3 FILAMENT AND GALAXY POPULATIONS:
NEXUS+ AND BISOUS
The Bisous algorithm uses galaxies as tracers to detect the under-
lying filamentary network whereas NEXUS+ uses the matter den-
sity field to identify the cosmic web. Despite this crucial difference
in the tracers, the filament populations detected by both methods
are almost identical with a few interesting differences that will be
addressed in this section. A visual representation of the structural
features and as well as of the filament galaxy distribution is shown
in Figure 4.
3.1 Structural similarities and differences
The top two panels of Figure 4 show the filamentary network de-
tected by NEXUS+ and Bisous in a 10 h−1 Mpc thick slice. They
show that both methods identify the same overall pattern of promi-
nent filaments that span the weblike network pervading the simu-
lation box and they suggest that we should expect similar halo and
galaxy alignments with the two populations of filaments.
We also observe interesting differences between the NEXUS+
and Bisous filaments related to the thickness of individual struc-
tures. NEXUS+ filaments have a range of thicknesses, while all
Bisous objects have roughly the same thickness. This contrast is
related to differences in the formalism underlying the methods.
NEXUS+ is an explicit multiscale method and belongs to the Multi-
scale Morphology Filter/Nexus family of cosmic web classification
tools (Aragón-Calvo et al. 2007a; Cautun et al. 2013). In the imple-
mentation for the present study we used smoothing scales ranging
from 0.5 to 4 h−1 Mpc. The panels in Figure 4 reflect this: the
NEXUS+ filaments vary in thickness, ranging from very thin to
very thick.
In contrast, the Bisous formalism identifies filaments using a
fixed transverse filament scale of 1Mpc (0.68h−1 Mpc), which
translates into cylindrically shaped filaments with a radius of
1Mpc. As a result, we see a few heavy and thick NEXUS+ fil-
aments that correspond to a configuration of parallel cylindrical
Bisous filaments. Note that the orientation of the thick NEXUS+
and the Bisous filaments will be largely similar. Also, we see a sub-
stantial difference in the identification and classification of small
scale tenuous filaments, in particular in moderate and lower density
regions. Several of the smaller Bisous filaments located in these
regions are embedded in regions that NEXUS+ assigns to walls
and voids. We see this illustrated in the central region and the bot-
tom righthand corner of the panel showing the Bisous filamentary
network in Figure 4, where many Bisous filaments crisscross to
form sheet-like structures. This is a consequence of the focus of
the Bisous formalism on fixed radius and elongated cylindrical fea-
tures.
Table 2. Number of EAGLE galaxies found in filaments. The table gives
the galaxy counts with stellar mass, Mstar > 5 × 108 h−1 M, residing
in NEXUS+ and Bisous filaments. In total, the EAGLE simulation con-
tains 9563 galaxies more massive than the above stellar mass cut. The third
column shows the fraction of galaxies found in the two filament popula-
tions. The fourth columns gives the number of galaxies in common to both
NEXUS+ and Bisous filaments, while the last columns gives the number
of exclusive filament galaxies, that is those assigned to filaments by one
method but not by the other one.
Filaments Total Fraction Overlap Exclusive
[% ]
NEXUS+ 6394 66.9
4277
2117
Bisous 5988 62.6 1711
The structural differences between the NEXUS+ and Bisous
filaments are also reflected in a quantitive comparison of the mass
and volume filling fractions of their DM, gas, and galaxy content.
For this complete inventory we refer to Table 1. The fractions were
calculated by splitting the EAGLE box into a 2563 grid (grid spac-
ing of 0.26 h−1 Mpc) and counting the number of grid cells asso-
ciated to each cosmic web component. We find a reasonable agree-
ment between the two filament populations, with some modest dif-
ferences. The NEXUS+ filaments contain a slightly higher DM,
gas and stellar mass fractions than Bisous filaments. This result,
which is consistent with the one reported in Libeskind et al. (2018),
is probably a reflection of the fact that prominent NEXUS+ fila-
ments are substantially thicker than their Bisous counterparts and
thus contain more of the cosmic mass budget.
Given the focus of our study on the alignment of haloes and
galaxies with their host filaments, it is crucial to compare the orien-
tations of the Bisous and of the NEXUS+ filaments. To this end, in
Figure 5 we plot the cumulative distribution of the cosine of the an-
gle between the third eigenvector of Bisous (eb3) and of NEXUS+
(en3) filaments. For an objective comparison, we assess the mutual
orientation of the filaments at the locations of common galaxies
that are assigned to filaments by both the Bisous and the NEXUS+
methods. Overall, we find a high degree of alignment between the
two filament populations with a median alignment angle of ∼21◦.
There is also no noticeable dependence of the alignment angle on
galaxy mass, with the alignment distribution for high and low mass
galaxies being practically indistinguishable.
In summary, the NEXUS+ and the Bisous web finders both
detect the major prominent filamentary arteries of the cosmic web,
however, there are substantial differences between the methods in
the population of small-scale filaments. The multiscale nature of
NEXUS+ allows it to detect filaments of different widths, while
Bisous concentrates on filaments of a particular specified scale. Of
considerable importance for this study is that the common Bisous
and NEXUS+ filaments are well aligned with respect to each other.
3.2 Galaxy distribution in filaments: NEXUS+ vs. Bisous
In addition to the structural characteristics discussed above, an im-
portant aspect of filament properties concern their galaxy popula-
tion. Here we compare the galaxy populations in NEXUS+ and
Bisous filaments, with Table 2 giving an overview of the num-
ber and fraction of EAGLE galaxies located in filaments. We limit
the analysis to galaxies with a stellar mass in excess of Mstar >
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Figure 4. Filaments and filament galaxies in a 10h−1 Mpc slice. Top row: the spatial distribution of the NEXUS+ (left-hand panel) and Bisous (right-
hand panel) filaments. Middle row: galaxies (shown as symbols) in the NEXUS+ (left-hand panel) and Bisous (right-hand panel) filaments; the lines give the
filament orientation at each galaxy position. Black dots represent galaxies common to both NEXUS+ and Bisous while blue are only in NEXUS+ and green
are only in Bisous. For clarity, we show only central galaxies with stellar mass, Mstar > 5 × 108 h−1 M. Bottom-left panel: the DM density in the slice.
Bottom-right panel: all galaxies in the slice. The magenta symbols show galaxies in NEXUS+ filaments, the black symbols depict the rest of the galaxies.
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Figure 5. Alignment between NEXUS+ and Bisous filaments. The graph
shows the CDF and PDF (inset) of the alignment angle between the ori-
entation of NEXUS+ (en3) and Bisous (eb3) filaments. The alignment
is measured at the position of common filament galaxies. The various
coloured lines correspond to galaxies of different stellar masses: low mass,
6 1× 1010 h−1 M, intermediate mass, (1− 5)× 1010 h−1 M, and
high mass, > 5 × 1010 h−1 M. Irrespective of the galaxy mass range,
NEXUS+ and Bisous filaments are well aligned with each other.
5 × 108 h−1 M, which are the ones resolved with enough parti-
cles to have robust spin and shape measurements.
NEXUS+ filaments contain 67% of the total number of (cen-
tral) galaxies, while Bisous identifies a slightly lower fraction of
filament galaxies, 63%. As we discuss in subsection 3.3, an impor-
tant difference between the two web finders is that Bisous assigns a
considerably lower fraction of massive galaxies (that is those with
Mstar > 1011 h−1 M) to filaments than NEXUS+. These mas-
sive galaxies are usually located in the nodes of the cosmic web and
in their immediate neighbourhoods, which are regions that Bisous
does not classify as filaments (see the discussion in subsection 3.3).
Of the entire NEXUS+ population of filament galaxies, 67%
of them are residing in Bisous filaments. Meanwhile, some 71%
of Bisous filament galaxies are also found in NEXUS+ filaments.
The rest of the Bisous galaxies are in regions classified as walls
(27.5%), voids (0.85%) and clusters (0.16%) by NEXUS+. In
short, the majority of Bisous filament galaxies are also located in
NEXUS+ filaments, although a considerable fraction appears to be
located in regions identified as walls by NEXUS+.
A visual appreciation of the spatial distribution of galaxies in
the cosmic web can be obtained from the two central row panels
in Figure 4. They show the filament galaxy population of the two
web finders, with common galaxies associated to both NEXUS+
and Bisous filaments shown as black symbols. The most outstand-
ing difference concerns the galaxies populating the thin filaments,
which are typically low mass galaxies. While the number of low
mass filament galaxies is comparable, the low mass galaxies that
are not shared by Bisous and NEXUS+ often concern the ones that
have been classified as wall galaxies by NEXUS+.
3.3 Halo & galaxy mass functions
Figure 6 plots the halo and galaxy stellar mass functions of the
EAGLE simulation as a function of the cosmic web environment,
i.e. the mass functions of dark halos and galaxies in the nodes, fil-
aments, walls and voids of the cosmic web. To this end, we plot
the number density of haloes and galaxies per logarithmic mass
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Figure 6. Halo and galaxy stellar mass functions segregated by web en-
vironment. The top panel shows the halo mass function in NEXUS+ envi-
ronments. The centre panel shows the galaxy mass function in NEXUS+
environments. The bottom panel compares the galaxy mass function in
NEXUS+ (dashed line) and Bisous (dashed-dotted line) filaments. The
Bisous filament galaxies are mostly found in NEXUS+ filaments (solid line)
and, a small fraction of them, in NEXUS+ walls (dotted line).
bin. The top panel shows the halo mass function split into web en-
vironments as determined by NEXUS+. The corresponding galaxy
stellar mass function is given in the central panel. The bottom panel
compares the galaxy stellar mass function identified in Bisous fila-
ments and with that assigned to the NEXUS+ filaments. We mostly
limit our analysis to galaxies with Mstar > 5 × 108 h−1M,
which represents the population of objects whose spin–filament is
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the topic of this paper. However, for completeness, in the case of
NEXUS+ environments we show the galaxy mass function down
to much fainter central galaxies with Mstar > 5 × 106 h−1M
(corresponding to roughly 3 or more star particles).
The first two panels of Figure 6 show that a majority of haloes
with a mass,M200 > 5×1011 h−1 M, and galaxies with a stellar
mass, Mstar > 5 × 109 h−1 M, are located in the filaments of
the cosmic web (Cautun et al. 2014; Libeskind et al. 2018). In this
mass range, walls, and even more so voids, represent considerably
more desolate environments. These results are in good agreement
with observational studies, such as Tempel et al. (2011) and Eard-
ley et al. (2015), which show that the galaxy luminosity function
varies between different environments. More specifically, Eardley
et al. find that the number density of galaxies as well as the knee
of the Schechter function used to fit the galaxy luminosity func-
tion (Schechter 1976) are the highest for nodes and decreases going
from filament, to wall and to void environments.
We find a similar trend for galaxies in filaments, walls and
voids but not for nodes. Due to its small box size, which is only
100 Mpc on a side, the EAGLE simulations is not able to produce
a representative population of massive cluster sized haloes. For a
structure to be identified as a node by the NEXUS+ algorithm, we
use a mass threshold of 5× 1013h−1 M. Owing to the truncated
power spectrum due to the small box size, such massive structures
are not formed in the EAGLE simulation. It translates into a sub-
stantial suppression of the halo and galaxy mass function in the cos-
mic web nodes, in line with the finding of eg. Bagla & Ray (2005).
They already showed that the high mass end of the halo mass func-
tion is significantly reduced in a ΛCDM simulation volume with a
side length less than 100 h−1 Mpc.
The differences between the NEXUS+ and the Bisous fila-
ments are also reflected in the corresponding filament galaxy mass
functions. This are illustrated in the bottom panel of Figure 6 which
compares the galaxy mass function of Bisous and NEXUS+ fil-
aments. At the low mass of the mass function, both web finders
assign a similar number of galaxies to filaments. At the high mass
end, we see a marked difference. While NEXUS+ assigns a range of
massive galaxies to filaments, the Bisous formalism yields a sharp
cutoff at Mstar ∼ 1011 h−1 M. Such differences are not uncom-
mon, as we may infer from the detailed comparison in Libeskind
et al. (2018), so actually the agreement between the galaxy mass
function in NEXUS+ and Bisous filaments is rather good. One fac-
tor that might lead to enhanced differences between the two web
finders is the very low number of massive clusters in the EAGLE
simulation. On one hand, this results in NEXUS+ assigning more
massive galaxies to filaments. On the other hand, the Bisous selec-
tion criteria related to the strength and orientation of valid filaments
refrain the Bisous filaments from extending close to the high den-
sity nodes. Filaments detected next to cosmic web nodes have a
lower orientation strength and therefore galaxies surrounding the
nodes, which are predominantly more massive, might not be part
of the Bisous filamentary network.
Regardless of the differences discussed above, we find that the
majority of Bisous filament galaxies are also identified as filament
galaxies by NEXUS+. This can be inferred from the solid line in
the bottom panel of Figure 6, which shows the galaxies common
to both Bisous and NEXUS+ filaments. A small fraction of Bisous
galaxies turn out to be associated with NEXUS+ walls, while a
minute number is found in either nodes or voids.
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Figure 7. Halo spin – filament alignment. The dependence on halo mass
of the median alignment angle between the spin of DM haloes and the ori-
entation of NEXUS+ filaments. The plot compares the alignment in the
EAGLE hydrodynamical simulation with the one in the P-Millennium DM-
only simulation.
4 ALIGNMENT ANALYSIS AND RESULTS
The present section presents our results on the alignment of the spin
and shape of haloes and galaxies with respect to the orientation of
the large-scale filaments in which they reside. We assess the cosmic
web alignment on the basis of four different aspects:
• the alignment of the spin of haloes and the spin of galaxies
with respect to the filament to which they are bound (sect. 4.2).
• the differences between the alignment of late-type disc galax-
ies to the filament in which they reside and that of early-type galax-
ies (sect. 4.3).
• the observationally more accessible alignment of galaxy and
halo shape, in terms of their minor axis, with respect to the embed-
ding filament (sect. 4.4).
• the alignment between the spins of galaxies and their fila-
ments, as well as that between the minor axis of galaxies and their
haloes (sect. 4.5).
4.1 Spin and shape alignment analysis
In order to quantify the alignment between galaxies and haloes on
the one hand and the filaments in which they reside, on the other
hand, we define the misalignment angle, θ, as the angle between
two vectors, one of which corresponds to the property of a halo or
galaxy (h), and the other corresponds to filament orientation (e3),
which is the slowest collapse direction. The alignment parameter,
or simply the alignment angle, is given by
µhf ≡ cos θh,e3 =
∣∣∣∣ h · e3|h||e3|
∣∣∣∣ , (5)
where we take the absolute value of the scalar product since fila-
ments have an orientation, but not a direction. That is, both e3 or
−e3 point along the filament axis. A vector quantity that is parallel
to the filament axis (either to e3 or −e3), corresponds to µhf = 1.
When the galaxy spin, or shape, is directed perpendicular to fila-
ments, it yields an alignment parameter, µhf = 0.
In general, the halo/galaxy vector properties have a distribu-
tion of alignment angles with respect to the filament axis. We can
quantify this using the probability distribution function (PDF) of
the alignment angle. Furthermore, the PDF can vary according to
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Figure 8. Spin–filament alignment for haloes and galaxies. The alignment is plotted as a function of halo mass (orange) and stellar mass (blue) for central
galaxies and their host haloes. The left panel is for host haloes, the central panel is for the stellar disc and the right panel for the cold gas disc. In all the panels
the solid line shows the alignment with NEXUS+ filaments and the dashed line the alignment with Bisous filaments. The black dotted line shows the alignment
of the entire halo in the left panel and the inner halo in the centre and right panels measured in the P-Millennium DM-only simulation. The shaded region
represents the 2σ uncertainty and is plotted only for NEXUS+ filaments for clarity. The error range for Bisous is very similar.
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Figure 9. Median spin alignment of common galaxies. The plot shows
the spin–filament alignment only for the galaxies and the haloes common to
both NEXUS+ and Bisous filaments. The consistent difference seen in Fig-
ure 8 between spin alignments with NEXUS+ and Bisous filaments does not
exist when we choose galaxies that are common to both type of filaments.
halo/galaxy mass (see e.g. Figure 10 in Ganeshaiah Veena et al.
2018), and thus different mass sample can have different PDF dis-
tributions. To quantify this mass dependence, we calculate the me-
dian alignment parameter, 〈µhf 〉, as a function of halo and galaxy
mass. In the absence of any alignment, that is in the case of an
isotropic distribution of alignment angles, the PDF of µhf is an
uniform distribution between 0 and 1, and has a median value,
〈µhf 〉 = 0.5. To calculate the alignment angle uncertainties, we
generate many bootstrap realizations for each mass bin. From these,
we estimate the 1σ and 2σ uncertainty intervals for both the PDF
and the median alignment angle (see e.g. Figure 7).
We characterise a population to be preferentially parallel if
the median alignment is 〈µhf 〉 > 0.5. Conversely, 〈µhf 〉 < 0.5
corresponds to a preferentially perpendicularly aligned population.
The alignment parameter µhf = 0.5 marks the transition between
preferentially parallel and perpendicular and it corresponds to an
angle, θh,f = 60◦.
4.2 Halo and galaxy spin–filament alignment
We first study the alignments between the DM halo spin and its
host filament. This has been extensively studied in DM-only simu-
lations (see discussion in the introduction section) and we want to
assess if the inclusion of baryonic physics affects this alignment.
Figure 7 compares the median halo spin–filament alignment an-
gle as a function of halo mass in two simulations: EAGLE, which
includes galaxy formation processes, and the P-Millennium DM-
only simulation. The latter is a very high resolution, 50403 DM
particles each of mass 1.061 × 108 h−1M, and large volume, a
800 Mpc periodic box, simulation (McCullagh et al. 2017; Baugh
et al. 2018) of structure formation in a ΛCDM universe with the
same cosmological parameters as the EAGLE simulation. Gane-
shaiah Veena et al. (2018) have used the very large sample of P-
Millennium haloes to characterize the halo spin–filament alignment
over a wide range of halo masses; their result is the one shown in
Figure 7. Note that for both the EAGLE and the P-Millennium sim-
ulations we use the same filament finding algorithm, NEXUS+, in
order to eliminate discrepancies arising from the use of different
web finders.
Despite differences in the initial conditions, box size and the
nature of the simulations, the halo spin–filament alignments in P-
Millennium and EAGLE are statistically identical. In both simula-
tions, the spin of less massive haloes shows a preferential parallel
alignment with the filaments whereas the spin of massive haloes
shows a preferential perpendicular alignment. The mass where this
transition happens is known as the spin-flip mass and is identical in
both simulations. Thus, the inclusion of baryons does not alter (at
least given the statistics of the EAGLE sample) the mean alignment
between halo spins and their host filaments.
Next, we study the galaxy spin–filament alignment and com-
pare it to the mass dependent alignment trend seen for haloes. In
Figure 8 we show the median alignment of haloes and stellar and
gaseous components of galaxies. The left-hand panel shows the
halo spin–filament alignment: haloes show a clear spin transition
from preferentially parallel to perpendicular with respect to both
halo mass and the stellar mass of their central galaxies. The stellar
(centre panel) and gas (right-hand panel) components also show a
strong mass dependent alignment, with high mass galaxies show-
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Figure 10. Spin–filament alignment for discs and spheroids. The plot shows the alignment as a function of both stellar mass (solid line) and halo mass
(dotted line) for disc (B/T < 0.58, shown in blue) and spheroid (B/T > 0.82, shown in red) galaxies. The disc and spheroid samples were selected to
contain a third of the galaxy population with respectively the lowest and highest bulge to total ratio. We only show the alignment with NEXUS+ filaments;
however this is very similar for Bisous filaments. The shaded region shows the uncertainty, as in Figure 8.
ing a stronger perpendicular alignment than low mass galaxies. The
spin alignment of the stellar and gas distributions are very similar,
although the gas spin is slightly less perpendicular to filaments than
the stellar component. However, neither the stars nor the gas com-
ponents exhibit a spin transition as in the case of their host haloes.
This discrepancy could be due to differences in angular mo-
mentum acquisition between haloes and galaxies. For example,
Ganeshaiah Veena et al. (2018) have pointed out that the halo spin–
filament alignment varies between the inner and full halo. At fixed
halo mass, the spin of the inner halo is more orthogonal to the fila-
ment spine than that of the full halo. Galaxies are likely to be bet-
ter aligned with the inner regions of their host haloes (e.g. Bailin
& Steinmetz 2005; Velliscig et al. 2015; Shao et al. 2016), which
motivates us to compare with the spin–filament alignment of the
inner regions of haloes in DM-only simulations. For this, we use
the Ganeshaiah Veena et al. results for the spin–filament alignment
of the inner 10% of the DM halo mass, which are shown as a dotted
line in the centre panel of Figure 8. It shows a closer match to the
galaxy spin–filament alignment, although there are still discrepan-
cies: the galaxy spin in EAGLE is systematically more orthogonal
to the host filament axis than the spin of the inner halo in DM-only
simulations. Because of feedback and dissipation processes the an-
gular momentum build-up in galaxies can be different from that of
the inner halo regions and thus stellar spin can deviate somewhat
from that of the inner halo.
We also investigate whether the alignment trend is sensitive
to the tracers and techniques used for filament detection. Figure 8
also compares the median spin–filament alignment for two differ-
ent filament populations identified using the NEXUS+ (solid lines)
and Bisous (dashed lines) methods. Despite the various differences
listed in section 3, the alignment trend is robust and consistent irre-
spective of the filament type. However, we find that galaxies and
haloes in Bisous show a consistently stronger orthogonal signal
than NEXUS+ filaments.
Previous studies have shown that the alignment varies strongly
with the properties of filaments, with haloes found in thinner fila-
ments having their spin more perpendicular on the filament axis
than equal mass haloes in thicker filaments (Aragon-Calvo &
Yang 2014; Ganeshaiah Veena et al. 2018). Could the same phe-
nomenon explain the differences in halo and spin alignment be-
tween NEXUS+ and Bisous filaments? We investigate this in Fig-
ure 9, where we plot the median alignment using only the sample
of haloes and galaxies common to both Bisous and NEXUS+ fila-
ments. The figure shows that the alignment of the common sample
with the two filament types is statistically indistinguishable and that
there is no systematic discrepancy. It is interesting to note that most
of the common galaxies are the ones located in prominent and dy-
namically active filaments (see black symbols in the central row
of panels in Figure 4). Thus, the differences seen in Figure 8 are
mostly due to non-overlapping galaxies found either in the periph-
eral regions of filaments or in tenuous filaments. Motivated by this
find, we checked if the galaxy spin–filament alignment varies with
filament properties, such as thickness, and, while we found a hint of
such a trend, the EAGLE simulation does not have a large enough
sample of galaxies to robustly claim such a dependence.
4.3 Spin alignment and galaxy morphology
It has been shown observationally that spirals and spheroids show
different alignments with their host filaments. Spirals are typically
less perpendicular to the filament axis than spheroid galaxies (e.g.
see Tempel et al. 2013). This motivated us to study how the galaxy
spin–filament alignment in EAGLE varies with galaxy morphology.
For this, we divide the population into disc- and bulge-dominated
galaxies based on the bulge to total ratio (for details and exact def-
inition see section 2.3.4).
Figure 10 shows the median spin–filament alignment split ac-
cording to the morphology of the central galaxy. Similar to Fig-
ure 8, we show the alignments of the halo, stellar and gaseous com-
ponents as a function of both halo and stellar mass. Figure 10 shows
a clear variation of the alignment signal with galaxy morphology.
This trend is the largest for the left-hand panel, indicating that host
haloes of spheroids tend to have their spins more perpendicular to
the filament axis than equal mass host haloes of disc galaxies. The
same trend is also seen in the stellar/gas spin-filament alignment,
although the trend is not as substantial as for the host haloes. Thus,
in EAGLE, elliptical galaxies show a propensity towards a stronger
orthogonal alignment than spirals, in qualitative agreement with
observations.
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Figure 11. Galaxy shape–filament alignment. Same as Figure 10 but for the median alignment angle between the filament orientation and the minor axis of
the halo (left panel), stellar (centre panel) and gas (right panel) components. The sample is divided into systems for which the central galaxy is either disc-
(blue) or bulge-dominated (red).
Although this result indicates that the halo spin orientation
with respect to the large-scale structure affects the galaxy morphol-
ogy, we found no significant evidence for this hypothesis. The frac-
tion of spheroid central galaxies is roughly the same independent
of the host halo spin–filament alignment. Thus, a more likely ex-
planation for the variation of the halo spin–filament alignment with
galaxy morphology is that they are both affected by a third physical
process. For example, Welker et al. (2014) have shown that galaxy
mergers, which typically take place along the filament in which the
galaxies are embedded, can lead to an increase both in the fraction
of spheroids and in the fraction of haloes and galaxies with spins
perpendicular to their filaments.
Our results qualitatively match observational trends, in the
sense that spheroids have an excess of perpendicular spin–filament
alignments compared to disc galaxies, however they do not do so
quantitatively. For example, Tempel et al. (2013) have found that
in observations spiral galaxies show a small, but statistically sig-
nificant, preference to have their spins parallel to their host fila-
ment axis. However, in EAGLE we find that at all masses the spins
of disc galaxies are preferentially perpendicular to their filaments.
The discrepancy could be due to the difference in the mass range
and environment of spiral galaxies between the EAGLE simula-
tion and observations. Due to magnitude limits, most observational
analyses focus on generally bright and massive spirals. However,
due to the small box size, EAGLE contains only a small number of
such high mass spirals. Generally, such massive spirals are resid-
ing in thick filaments and it has been shown that haloes populating
thicker filaments are more likely to have their spin aligned along
the filament than equal mass haloes in thinner filaments (Gane-
shaiah Veena et al. 2018). Due to the limited size of the EAGLE
simulation, there are only a few massive filaments and most spiral
galaxies are found in thin filaments, which could explain the sys-
tematic difference between the EAGLE results and observations.
We note that there are additional differences between observations
and our EAGLE results that could also add to the discrepancy. Such
as the different definitions of galaxy morphology and also that ob-
servational results are based on the alignment between the minor
axis of galaxies and not their spin per-se.
4.4 Galaxy shape alignments
Observationally, it is very difficult to determine the spin of galax-
ies and we can only infer their shapes. In general, disc galaxies
have their spin well aligned with their minor axis, however spheroid
galaxies can have their spin and minor axis highly misaligned. For
example, our sample of EAGLE spheroids have a median misalign-
ment angle of 45◦. Furthermore, even some spiral galaxies, e.g.
those with a dominant bulge component, can have some degree of
misalignment between their spin and minor axis.
In Figure 11 we show the alignment of halo/galaxy minor axis
with the orientation of their host filaments. Similar to spheroid
galaxies, haloes are mostly dispersion supported and can have a
large degree of misalignment between their spin and minor axis
(e.g. see Bett et al. 2007). The left-hand panel of Figure 11 shows
that the halo minor axis is preferentially perpendicular to the fila-
ment axis for objects of all masses. This is in contrast to the halo
spin which shows a transition from preferentially perpendicular at
high mass to preferentially parallel at low masses (see Figure 10).
The halo minor axis–filament alignment is the largest for haloes
hosting spheroid galaxies and shows a mass dependence, being
largest for high mass haloes (notwithstanding the highest mass bin
which is affected by poor statistics due to the low number of ob-
jects). This is in agreement with the results of DM-only simula-
tions, which also find that the halo shape–filament alignment is the
largest for high mass haloes (e.g. see Aragón-Calvo et al. 2007b;
Hahn et al. 2007; Ganeshaiah Veena et al. 2018).
The central panel of Figure 11 shows that the galaxy minor
axis–filament alignment is different from the galaxy spin–filament
alignment. For example, within our limited statistics we find that
the galaxy minor axis–filament alignment in EAGLE is indepen-
dent of galaxy mass. Furthermore, while spheroid galaxies have
their minor axis preferentially perpendicular to the filament axis,
spiral galaxies show no preferential alignment, that is their me-
dian alignment angle is consistent with 60◦, which is the expec-
tation for the no alignment case. The largest difference between
spin and shape alignments of spiral galaxies is at the high mass
end, Mstar > 5 × 1010 h−1 M, where spirals have their spin
preferentially perpendicular to the filament spine (see Figure 10)
but show no significant alignment in terms of their minor axis. The
discrepancy could be due to many massive spirals having a signifi-
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Figure 12. Galaxy–halo spin and shape alignment. The plot shows the
median alignment angle of the spin (top panel) and of the minor axis (bot-
tom panel) between haloes and their central galaxies. The alignment is
show as a function of both halo and stellar mass corresponds to all galaxies
(black) as well as to two morphology selected subsamples: discs (blue) and
spheroids (red).
cant bulge component whose spin, at least in EAGLE, is not within
the plane of disc.
In summary, due to the degree of misalignment between
galaxy spin and shape, the galaxy spin and galaxy minor axis show
different alignments with their host filaments. This needs to be ac-
counted for when comparing against observations, which can only
measure galaxy shapes. Furthermore, we note that in most cases the
3D orientation of a galaxy is inferred from its projected 2D image
and this can, in turn, affect the alignment signal; however we leave
this for further study. A more firm determination would be possible
from velocity field maps, which can be obtained from 21cm radio
observations or from integral field spectrographs. While new gen-
eration instruments like the VLT MUSE facility and the wide-field
APERTIF array on the WSRT radio interferometer will be powerful
resources, as yet the amount of available data for such large-scale
alignment studies is still rather limited.
4.5 The halo–galaxy connection
Galaxies and their host haloes form within the same large-scale
environment, however, as we have shown in this section, haloes
and galaxies are characterized by different spin–filament align-
ment trends. As discussed in the introduction, these differences are
mostly due to the complex gas inflow and outflow physics which
drives the formation of the stellar and gaseous components of a
galaxy. Here, we study in more detail the spin and shape alignment
of galaxies and their haloes, and how it relates to their host filament.
Figure 12 shows the spin and shape alignment between cen-
tral galaxies and their host haloes. These are plotted as a func-
tion of both galaxy and halo mass and are also split according to
the morphology of the central galaxy. In general, the galaxy spin
shows a 45◦ median misalignment angle with respect to the host
halo spin (see top panel of Figure 12). At low galaxy masses, this
misalignment angle varies with galaxy morphology, with a median
misalignment angle of 37◦ and 49◦ for disc and spheroids, respec-
tively.
Even though the spin of spheroid galaxies is the least well
aligned with that of their host haloes, the spin–filament alignment
of spheroid galaxies traces very well the spin–filament alignment
of their host haloes (compare red curves between the left-hand and
central panels of Figure 10). Disc galaxies, in contrast, have a dif-
ferent spin–filament alignment than that of their host haloes: the
spirals have a larger tendency to have their spins perpendicular to
the filament axis than their host haloes. This difference is likely
due to the dichotomy in the formation of disc and spheroid galax-
ies (e.g. Sales et al. 2012; Rodriguez-Gomez et al. 2017; Clauwens
et al. 2018; Lagos et al. 2018). The growth of spirals is thought to
occur mostly through the accretion of gas with a coherently aligned
angular momentum over a long period of time. Most spirals experi-
ence only uneventful minor mergers and their disc orientations vary
slowly in time (although there are exceptions. e.g. see Bett & Frenk
2012, 2016). Such mergers are unlikely to misalign the spins of the
central galaxy and the host halo. In contrast, a significant fraction
of spheroids forms through major mergers, with the merger tak-
ing place preferentially along the filament in which the galaxies are
found (e.g. Libeskind et al. 2014; Welker et al. 2014; Shao et al.
2018). In this case, the mergers would preferentially orient the spin
of both the galaxy and the halo perpendicular to the filament axis.
The minor axis of galaxies and their host haloes shows a mod-
est degree of alignment, with a median misalignment angle of 47◦
that is roughly galaxy and halo mass independent, as can be appre-
ciated from the bottom panel of Figure 12. When splitting the sam-
ple according to galaxy morphology, we find a better alignment for
spheroids than for spirals. This difference is the largest at the high
mass end. The variation with galaxy morphology is opposite to the
one found for galaxy–halo spin alignment, which shows a higher
degree of alignment for disc galaxies.
4.5.1 Halo-galaxy alignments: the filament connection
The misalignment between galaxy and halo shapes explains why
galaxy shapes are more poorly aligned with the filament axis than
their host haloes. This is true for both disc and spheroid galaxies.
In particular, the shape of haloes is aligned with their host fila-
ments since it is mostly determined by recent accretion that takes
place preferentially along the filament in which the halo is currently
embedded (see e.g. Ganeshaiah Veena et al. 2018, and discussion
therein). In contrast, the shape of galaxies should be best aligned
with the filament orientation when the galaxies formed most of
their stellar mass, which took place at a redshift, z ∼ 1 − 2. The
orientation of the host filament can change over time, due to ei-
ther filament mergers or galaxies moving across the cosmic web
(van Haarlem & van de Weygaert 1993; Aragón-Calvo et al. 2007b;
Cautun et al. 2014; Wang & Kang 2017), and thus should decrease
in time.
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Figure 13. Galaxy–halo minor axis alignment for galaxy subsamples
selected according to the galaxy minor axis–filament alignment angle.
The plot shows the median alignment angle between the minor axis of cen-
tral galaxies and that of their host haloes. We show results for all galaxies
(black) as well as for two galaxy samples selected to have their minor axis
along the filament (so called parallel galaxies shown in purple) or perpen-
dicular to the filament (so called perpendicular galaxies shown in brown).
Galaxies perpendicular to filaments show a larger alignment with their host
haloes.
To better understand the processes affecting the galaxy–
filament alignment, we proceed by selecting two galaxy subsam-
ples: one composed of galaxies that have their minor axis paral-
lel to the filament and a second one composed of galaxies with
minor axis perpendicular to the filament. For clarity, we refer to
the two subsamples as parallel and perpendicular galaxies. To have
a large enough sample, we define the galaxies with parallel mi-
nor axis–filament orientations as those with small misalignment
angles, that is those with cos θScstar,e3 > 0.8. Similarly, we de-
fine the galaxies with perpendicular minor axis–filament orienta-
tions as those with a misalignment angle close to 90◦, that is those
with cos θScstar,e3 6 0.2. Each of the two subsamples consist of
roughly 20% of the total galaxy population.
Galaxy and halo shapes are moderately aligned (see e.g. Fig-
ure 12) and thus it should not be surprising that parallel galaxies
reside in haloes whose minor axis is also predominately parallel
to the filament axis. Similarly, perpendicular galaxies are found in
haloes whose minor axis is predominately perpendicular to the fila-
ment axis. More interestingly is to study how the galaxy–halo shape
alignment varies between perpendicular and parallel galaxies. This
is because the galaxy minor axis–filament alignment is weak and
should not affect noticeably the galaxy–halo alignment.
Figure 13 shows the median galaxy–halo minor axis align-
ment angle for the two subsamples of parallel and perpendicular
galaxies. It clearly highlights that galaxies perpendicular to their
filaments have a larger degree of alignment with their host haloes.
In contrast, galaxies oriented along their filament axis have poorer
alignments with their haloes. It suggest that the same processes
that affect the galaxy shape–filament alignment play an important
role for the galaxy–halo alignment too. For examples, galaxies and
haloes embedded in filaments that remain stable over long periods
of time are more likely to experience anisotropic infall along the
same time-independent directions. This would lead to a stronger
alignment between the galaxy and its halo (van Haarlem & van de
Weygaert 1993). Furthermore, this would also lead to a preferen-
tially perpendicular alignment of galaxy and halo minor axes with
the host filament since accretion preferentially takes place along
the filament direction. On the other hand, objects whose cosmic
web environment changes rapidly with time experience different
anisotropic infall directions at various times. Most of the galaxy
stellar mass is acquired at early times, while haloes are still assem-
bling at late times. Thus, on average, such galaxies are more poorly
aligned with their haloes.
A similar dichotomy in galaxy–halo alignment is present
when selecting parallel and perpendicular galaxies subsamples ac-
cording to the galaxy spin–filament alignment. In this case, we also
find that galaxies with spins perpendicular to their filaments are
better aligned with their host haloes. While the effect is about half
the size of the one seen in Figure 13 and given the similarity, for
brevity we do not include a diagram to illustrate it.
4.5.2 Implications: satellite planes, halo shapes
The results illustrated in Figure 13, which are that galaxies whose
minor axis is perpendicular to their host filament are more likely
to be aligned with their host haloes, have two important implica-
tions. Shao et al. (2016) have found a similar result when studying
the alignment between central galaxies and their satellite galaxies:
systems where most satellites are in the plane of the baryonic disc
have a much higher galaxy–halo alignment. Thus, combining our
results and those of Shao et al., we predict that galaxies perpendic-
ular to filaments should have most of their satellites in the plane of
the galaxy disc. This prediction of the EAGLE simulation can be
checked observationally and represents one avenue for constrain-
ing the processes that affect the alignment of galaxies and haloes
with their host filaments.
Furthermore, our results can be used to test a fundamental
prediction of the standard cosmological model: that galaxies are
embedded in flattened dark matter haloes. A possible test of this
prediction would involve stacking weak lensing maps of multiple
galaxies and measuring the average flattening of their DM halo (see
e.g. van Uitert et al. 2017). To do so, one needs to know the orien-
tation of the DM halo. Using galaxy orientations does not work
due to galaxy–halo misalignment and makes it very challenging to
measure halo shapes (see e.g. Bett 2012, and references therein).
Selecting a subset of galaxies perpendicular on their filament im-
proves the galaxy–halo alignment and could represent an improved
approach for measuring halo shapes.
5 CONCLUSIONS AND DISCUSSIONS
The principal purpose of this study is to investigate how far sec-
ondary processes alter the original spin of haloes and galaxies.
While the spin of haloes and galaxies is initially generated by tidal
torques (Hoyle 1949; Peebles 1969; Doroshkevich 1970; White
1984), a range of nonlinear and baryonic processes are likely to al-
ter the evolution of this fundamental property of galaxies. Because
the large-scale tidal field is the agent behind the contraction of mass
into elongated filaments, the tidal torque theory leads to the expec-
tation that halo and galaxy spins should tend to be oriented perpen-
dicular to the filaments in which they are embedded (see e.g. Lee &
Penn 2000; Jones & van de Weygaert 2009). Hence, by relating the
spin of haloes and galaxies to their cosmic web environment we
seek to identify the processes which affect the rotation of haloes
and galaxies.
The simulation-based studies of Aragón-Calvo et al. (2007b)
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and Hahn et al. (2007) were the first to reveal that the halo spin–
filament alignment shows a complex mass dependence, with high
mass haloes having their spins preferentially perpendicular to fila-
ments while low mass haloes show the opposite trend. The transi-
tion between the two regimes today takes place at a halo mass of
∼1012 h−1 M, which is known as the spin-flip transition mass.
In Ganeshaiah Veena et al. (2018) we performed a detailed and sys-
tematic analysis of halo spin–filament alignments to reveal a strong
dependence of the alignment on the nature of filaments. In particu-
lar, the spin-flip transition mass is highest for haloes in dynamically
dominant and thick filaments, while it is an order of magnitude
lower for haloes in thin and tenuous filaments. This trend repre-
sents a clear indication of the impact of late-time halo evolution
processes on the spin–filament alignment.
The present study extends our investigation from DM haloes
to the galaxies they harbour. For this, we employ the EAGLE hy-
drodynamical simulation, which follows the formation and evolu-
tion of galaxies in a cosmological volume. Our goal is to address
the question in how far the alignment of haloes with respect to
the filaments in which they reside is reflected in an alignment of
galaxies with respect to the large scale cosmic web. To this end,
we investigate whether the mass dependent alignment exhibited by
haloes is also exhibited by galaxies. In particular, we wish to assess
the relation between the spin orientations of galaxies and their host
haloes, and establish to what extent the halo spin orientation can be
inferred from that of their central galaxies. In this context, we also
investigate if the presence of baryons alters the halo spin–filament
alignment found in DM-only simulations.
Filament population
We predominantly focus on cosmic filaments. We have identified
the filament population with two different cosmic web finders (see
e.g. Libeskind et al. 2018) in order to assess which results are de-
pendent on the filament identification method. Firstly, we applied
the NEXUS+ multiscale formalism to the matter distribution to
identify the cosmic web nodes, filaments, sheets and voids. Sec-
ondly, we applied the Bisous method to the galaxy distribution to
select galaxy filaments. In general, we find good agreement be-
tween the filament populations identified by the two methods, al-
though some differences exist (see section 3 for a detailed analysis).
In particular, we find a large overlap between the populations of fil-
ament galaxies in the two methods and good alignment between
the orientations of the NEXUS+ and Bisous filaments. These are
the two aspects that are most important for this study.
We find that most of the matter content of the z = 0 universe
is found in filaments, in good agreement with cosmic web studies
based on DM-only simulations (e.g. Cautun et al. 2014; Libeskind
et al. 2018). More specifically, 52% of the DM is found in fila-
ments, but only 47% of the total gas content. The difference is due
to baryonic processes that heat up the gas in filaments and disperse
it to surrounding walls and voids (Haider et al. 2016). Accordingly,
we find that walls and voids contain slightly higher mass fractions
of gas than of DM.
The majority of the stellar mass – 82% for NEXUS+ and 70%
for Bisous – is located in filaments. The remaining stellar mass
is found in nodes and sheets, each containing roughly 10% of the
stars, while voids contain less than 0.5% of the total stellar mass.
The filaments also contain the largest number of galaxies with stel-
lar masses higher than 109 h−1 M, and a dominant fraction of
lower mass galaxies. In particular, most of the galaxies at the knee
of the stellar mass function are found in filaments, while the very
massive galaxies are found mostly in the cosmic web nodes. On the
other hand, voids are mostly populated by faint dwarf galaxies.
Halo and galaxy alignments with filaments
We have investigated four different, but intimately related, aspect
of the alignment between galaxies, haloes and filaments. These are
the alignments of
• the spin of haloes and the spin of galaxies with respect to the
embedding filament,
• the spin of late-type and early-type galaxies relative to the fil-
ament direction,
• the shape of haloes and galaxies, characterised by their minor
axis, with respect to the filament in which they reside, and
• the spins of haloes with respect to the galaxies they host, as
well as the orientation of the minor axis of galaxies with respect to
that of their haloes.
Halo and galaxy spin alignment with filaments
We find that haloes in the DM-only P-Millennium simulation and
the EAGLE hydrodynamical simulation show statistically similar
distributions of spin–filament alignments: low mass haloes have
their spins preferentially along the filament while high mass haloes
have their spin preferentially perpendicular to the filament. The
halo transition mass between the two regimes is the same for both
DM-only and baryonic physics simulations. Thus, the addition of
baryons does not affect the distribution of halo spins with respect
to the large-scale filaments.
Galaxies, just as their host haloes, show a mass dependent
spin–filament alignment: massive galaxies have their spin prefer-
entially perpendicular to the filament to a larger extent than lower
mass objects. However, we do not detect a clear transition from
parallel to perpendicular alignment as we see in the case of haloes.
This is in contrast to the results of Wang et al. (2018) who, using the
Illustris simulation, found a transition in the galaxy spin–filament
alignment that takes place at a stellar mass of 2.5× 109 h−1 M.
However, our results agree better with the Codis et al. (2018) study
based on the Horizon-AGN simulation, which shows that z = 0
galaxies with stellar masses below 1010 h−1 M have no prefer-
ential spin alignment with their host filament.
The discrepancy with the studies of Wang et al. (2018) and
Codis et al. (2018) could be due to difference in hydrodynamic
simulations. In particular, many of the subgrid implementations
of baryonic physics vary from simulation to simulation and this
can lead to different galaxy growth histories and thus to different
galaxy spins orientations. However, we suspect that at least part of
the discrepancy is a manifestation of the dependence of the galaxy
spin–filament alignment on the nature of filaments. For exam-
ple, this trend has been robustly established by Ganeshaiah Veena
et al. (2018) for the halo spin–filament alignment, with equal mass
haloes having a larger propensity for perpendicular spin–filament
alignments when they are found in thinner filaments. This trend is
strong enough to result in more than one order of magnitude varia-
tion in the halo spin-flip mass between the thinnest and thickest fil-
aments. We also find tentative evidence for a dependence between
the alignment of galaxy spins and filament properties; however the
EAGLE volume is too small to robustly characterise such a trend.
We note that a systematic trend in which galaxies in thinner
filaments are more likely to have their spins perpendicular to the
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filament axis than similar mass galaxies in thicker filaments is con-
sistent with the differences between our alignment results and those
of Wang et al. (2018) and Codis et al. (2018). The Wang et al.
method identifies mostly thick filaments, while both the NEXUS+
and Bisous algorithms detect a large population of very thin fila-
ments. The DISPERSE method employed by Codis et al. is some-
where in between the other two studies (for a detailed comparison,
see Libeskind et al. 2018).
Dependence on galaxy morphology
We find a strong dependence of the halo and galaxy spin–filament
alignment on galaxy morphology. Distinguishing between disc
and spheroid galaxy populations, we find that the host haloes of
spheroidal galaxies show a larger tendency to have perpendicular
spin–filament alignments than the host haloes of disc galaxies. Sim-
ilarly, spheroid galaxies show a stronger propensity for an orthogo-
nal spin-filament alignment than spirals. This agrees with observa-
tions which find that ellipticals are more likely to be orthogonal to
filaments than spirals (Tempel et al. 2013; Zhang et al. 2013, 2015;
Pahwa et al. 2016), although we do not detect a distinct parallel
alignment of disc galaxies as detected in the SDSS.
The discrepancy could be due to the small volume of the EA-
GLE simulation. Due to a lack of very large modes, the simulation
does not contain many objects similar to those typically present in
observations: bright spiral galaxies as well as the thick filaments
which host them.
Shape alignment with filaments
We find that many galaxies show a misalignment between their mi-
nor axis and their spin. The misalignment is largest for elliptical
galaxies. However, even disc-dominated objects which have a mas-
sive bulge fraction can show some degree of misalignment. This
results in a difference between the alignments of galaxy spin and
minor axis with the filament.
Interestingly, we do find that the galaxy minor axis–filament
alignment is largely mass independent. We also find that ellipticals
show a larger degree of orthogonal alignment than spirals. On the
other hand, there is no significant evidence for a preferential align-
ment of the minor axis of spiral galaxies with the spine of filaments.
Perpendicular versus parallel filament galaxies
To study the processes responsible for the galaxy–filament align-
ment, we split or sample according to the galaxy minor axis–
filament misalignment angle. We have selected the 20% of the pop-
ulation with the closest to perpendicular orientations as well as an
equal fraction with the closest to parallel orientations. We find that
galaxies with a perpendicular orientation relative to their filament
are much better aligned with their host halo than the population as
a whole. In contrast, galaxies parallel to their filament are poorly
aligned with their halo.
This suggests that the same processes that affect the galaxy–
filament alignment are at least partially responsible for the galaxy–
halo alignment too. One such factor could be the coherence over
long periods of time of the cosmic web around a halo/galaxy.
Objects embedded in such filaments experience anisotropic infall
along the same time-independent directions (van Haarlem & van de
Weygaert 1993). Such objects are expected to have a better align-
ment between haloes and the galaxies they harbour, as well as with
their host filaments. On the other hand, in a rapidly changing en-
vironment objects experience anisotropic infall directions that vary
with time, implying a higher degree of misalignment (see e.g. van
Haarlem & van de Weygaert 1993).
Summary
To summarise, we have studied the present day alignments of the
shapes and spins of haloes and galaxies with their host filament
in the EAGLE simulation. This represents a first step towards un-
derstanding the processes that determine these alignments with the
large-scale cosmic web.
The alignments we have studied are weak and to properly
characterize them we need a large sample of galaxies. This is diffi-
cult with current hydrodynamics simulations, which typically fol-
low relatively small cosmological volumes. Thus, it is critical to
expand the study to larger simulations, such as Illustris300 which
has a 27 times larger volume than EAGLE (Pillepich et al. 2018),
and to robustly quantify secondary trends, such as the dependence
of the alignment signal on filament properties. In parallel with this
approach, we also need to understand how the alignments vary in
time. In particular, it is critical to follow the evolution of individual
haloes and galaxies and understand what factors affect their align-
ment with the filament axis. This is the subject of the third, upcom-
ing, paper in our study.
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